An LIF characterization of supersonic BO (X2+) and CN (X2+) radical sources for crossed beam studies Rev. Sci. Instrum. 82, 083107 (2011) Secondary ion counting for surface-sensitive chemical analysis of organic compounds using time-of-flight secondary ion mass spectroscopy with cluster ion impact ionization Rev. Sci. Instrum. 82, 033101 (2011) In situ measurement of the bonded film thickness of Z-Tetraol lubricant on magnetic recording media J. Appl. Phys. 108, 084907 (2010) Pulsed ion extraction diagnostics in a quadrupole ion trap linear time-of-flight mass spectrometer Rev. Sci. Instrum. 81, 063302 (2010) Transient ion ejection during nanocomposite thermite reactions
(Received 12 April 2011; accepted 26 July 2011; published online 9 September 2011)
We refine excitonic parameters of bulk GaN by means of time-of-flight spectroscopy of light pulses propagating through crystals. The influence of elastic photon scattering is excluded by using the multiple reflections of the pulses from crystal boundaries. The shapes of these reflexes in the time-energy plane depict the variation of the group velocity induced by excitonic resonances. Modeling of the shapes, as well as optical spectra, shows that a homogeneous width of the order of 10 leV characterizes the exciton-polariton resonances within the crystal. The oscillator strength of A and B exciton-polaritons is determined as 0.0022 and 0.0016, respectively. V C 2011 American Institute of Physics. [doi:10.1063/1.3625431] The current interest in slow light is mostly related to the fact that any realization of all-optical schemes of quantum communication implies a deterministic retardation of photon pulses. 1 The phenomenon of light delay due to optical dispersion induced by a resonance line 2 may be important for a set of optoelectronic devices, where light should propagate a long distance, or for those operating at a high frequency. The study of this phenomenon can elucidate the mechanism of the light transfer through a medium, which may be either ballistic (polariton-like), with conservation of wave vector, 3 or diffusive, when the wave vector, and possibly frequency, is changed during acts of scattering. 4 Recently, it has been demonstrated that both mechanisms can coexist in GaN, where the light is scattered by neutral donor bound exciton (D 0 X) complexes. 5 Weak reflexes, emerging due to the internal reflection of light pulses from the sample boundaries, have been resolved by the time-of-flight spectroscopy in the time-resolved (TR) images recorded in GaN (Ref. 5) and in CdZnTe crystals. 6 It has been shown that the mechanism of their propagation is exclusively ballistic, because otherwise photons lose any memory about the initial direction after a few acts of scattering. 5 Here, we demonstrate that the study of the slow light may bring one more benefit. It allows one to refine excitonic parameters in semiconductors.
For GaN, there is a huge variation in reported values of the exciton oscillator strength (f) and longitudinal-transverse splitting (x LT ). This uncertainty is determined by various factors, such as elastic strain, 7 different quality of samples, 8 and certainly by experimental methods. A high value of x LT can be obtained, if it is defined via a separation between photoluminescence (PL) peaks, because of a thermalization process. 9 The commonly used modeling of reflectivity spectra 10,11 suffers from uncertainty caused by a large number of the fitting parameters. Besides, both PL and reflectivity techniques probe an area close to the sample surface, rather than its volume, whereas the properties of these regions may differ. 12 This parameter is commonly considered as an empirical damping constant (C eff ). However, the intrinsic linewidth has a certain physical meaning. It characterizes the decay of the coherence for the localized excitation or the dephasing relaxation for exciton-polaritons. 14 In this paper, we propose to use the data on the ballistic reflexes of the light pulses propagating through GaN crystals to refine the excitonic parameters of bulk GaN. The samples under investigation were free-standing GaN layers with thickness L of 1 and 2 mm grown by hydride vapor phase epitaxy (HVPE). Their carrier concentrations were 5Á10 15 cm À3 and 10 17 cm À3 , respectively. The TR experiments were done at 2 K, using the pulses of a tunable picosecond laser (Mira-HP) and a Hamamatsu streak camera with a resolution about 2 ps. The dynamical range of the detecting system was not less than 10 3 . As illustrated by the scheme in Fig. 1 , the pulse reflexes can be registered in two experimental configurations. In the back-scattering (reflection) configuration, the even reflexes (2nd and 4th) propagate in the sample a distance of 2L and 4L, respectively, while in the transmission geometry the odd 3rd reflex propagates 3L, etc. In this study, we focus on the even-order reflexes, because their delay is well-defined with respect to an initial pulse (denoted as 0L), directly reflected from the sample surface. The complementary continuous wave (cw) transmission and reflectivity measurements were performed at 5 K using a tungsten lamp. Figure 1 (a) shows the spectral dependencies of the delay times measured along the pulses of different energies for the same length of propagation, namely, through the 2-mm-long sample and for 2L replicas in the 1-mm-long sample. The delay time of the basic transmitted pulse in the 1-mm sample, multiplied by two in order to simulate the 2-mm length, is shown for comparison as well. Obviously, the delay times are smallest for the 2L reflexes, when the photon scattering, enhancing the light path, is excluded. The difference in the a)
Author to whom correspondence should be addressed. dependences for the 1-mm and 2-mm samples is related to different donor concentrations, which influence the oscillator strength of the D 0 X resonances and, hence, the scattering cross-sections and polariton group velocity. 5 Figures 1(b) and 1(c) present reflectivity and transmission spectra, respectively, measured in the 1-mm sample. Figure 2 shows the sequence of the appearance of the 2L and 4L reflexes arising with the shift of the pulse from the D 0 X lines towards a transparency region. The delay and shape of these reflexes reproduce the variation of the group velocity v g ðxÞ, which, in turn, is controlled by the parameters of the excitonic resonances. Near the D 0 X lines, these reflexes are strongly curved and their higher-energy edge is extended along the time axis until full disappearance.
To analyze the experimental data, we use the model of the ballistic light propagation in a medium with several resonances, which, in general, can be inhomogenously broadened. 5 The delay TðxÞ ¼ L=v g ðxÞ is given by the group velocity v g ðxÞ ¼ dx=dk, where the wave vector kðxÞ ¼ ðx=cÞ ffiffiffiffiffiffiffiffiffi ffi eðxÞ p . The complex dielectric function eðxÞ is written as
Here, e b ¼ 9:5 is the background dielectric constant. Each j-term within the sum is the convolution of the resonance line, characterized by the homogeneous width C j , with the Gaussian centered on the same frequency x 0;j . The parameter D j describes the inhomogeneous width of the broadened resonan-ces. Spatial dispersion is taken into account by the term bk 2 ¼ ð h 2 =2M j Þk 2 , where the effective masses M j equal to 0:5m 0 , 0:6m 0 , and 0:8m 0 (m 0 is free electron mass) for the A, B, and C excitons, respectively, 10 being considered as infinite for D 0 X. Such a representation is allowed for frequencies not too close to x 0 of the free exciton resonance which is sufficient for the consideration of our data on cw and TR light transmission. The estimations showed that the changes made by the spatial dispersion are not essential, being within the 20% limit. Therefore, Eq. (1) with the omitted bk 2 term can be used to simulate the reflectivity spectra using the equation
where nðxÞ ¼ Re ffiffiffiffiffiffiffiffiffi ffi eðxÞ p and jðxÞ ¼ Im ffiffiffiffiffiffiffiffiffi ffi eðxÞ p
. The intensity of the transmitted signal is estimated as
where D ¼ La is the optical density and a ¼ 2xjðxÞ=c is the absorption coefficient. The fitting procedure includes the simulation of reflectivity spectra [ Fig. 1(b) ] to determine approximately the energies E j ¼ hx 0;j and f values of the exciton-polariton resonances. At this stage, the inhomogeneous width D j plays the role of an effective damping parameter, used with the conventional reflectivity modeling. We underline that the determined parameters characterize rather a region close to the surface, than the bulk GaN. Next step is the simulation of the cw transmission spectra [ Fig. 1(c) ], which gives us the C values of the exciton-polaritons. These refer to the GaN volume, where the pulses propagate. The final correction of the excitonic parameters is made by means of the simulation of the delay, curvature, and attenuation of the transmitted reflexes. The different delay of the components of the pulse, which provides its curvature along the time axis, depends predominantly on the oscillator strength. Note that such a dominant influence of each of the parameters on a certain process simplifies the numerical simulation.
This simulation shows that the influence of the D 0 X resonances is important at a distance less than 1-2 meV from the PL peaks [see Fig. 2(d) ]. Consideration of the reflexes outside this range gives us the parameters of the exciton polaritons. In this modeling, we assumed that the parameters of the D 0 X resonances are similar for both lines O 0 X A (3.4714 eV) and Si 0 X A (3.4723 eV), related to the oxygen and silicon donors. Their oscillator strength and homogeneous width for the 1-mm sample are obtained by fitting the experimental data as 5Á10 À6 and 1 leV, respectively (these values should vary with the donor concentration). A deviation from these values exceeding 10% does not allow one to reproduce the shape of the reflexes shown in Fig. 2 . The inhomogeneous width of the D 0 X resonances is determined by the consideration of the light attenuation near these lines. A width over 35 leV causes quenching of the higher-energy tail of the light reflexes at the energies, where the signal is observed in the experimental images. It provides a shift of the apparent pulse center towards lower energy, as it is illustrated by the inset in Fig. 2(a) . The obtained values for the D 0 X resonances are substituted into Eq. (1) to determine finally the low-temperature parameters of the exciton-polaritons, inherent for the bulk GaN (Table I) .
The oscillator strength values, being 0.0022 and 0.0016 for the A and B excitons, respectively, are smaller than the values determined using the surface-probing reflectivity data. 10, 11 In the region below x 0;A , the A exciton resonance affects the light propagation stronger than the remote B and, especially, C excitons. Therefore, the accuracy of its parameter determination is higher. Note that further increase of the f value for the B exciton would unrealistically diminish the A-exciton f value. The longitudinal-transverse splitting for the A excitonic series is 0.8 6 0.1 meV, estimated as x LT ¼ f j x 0;j =e b . This value is somewhat less than the splitting $1 meV between the PL peaks, ascribed to transverse and longitudinal A exciton emission using polarization-dependent PL measurements in the same 1-mm sample. 15 The homogeneous width of 13 6 1 leV, assumed to be the same for all exciton-polariton resonances, is similar to the value recorded for polaritons in other direct gap semiconductor CuCl (3.4 eV room-temperature bandgap). 14 At low temperatures, this parameter has to be small in perfect crystals, being determined mostly by the acoustic phonon scattering. 16 The inhomogeneous widths of all exciton-polariton resonances do not influence markedly the light reflexes. As a result, their values cannot be derived from these experi-ments. Thus, we cannot exclude that the exciton-polaritons propagate at low temperatures through the GaN crystal as coherent excitations with narrow homogeneous linewidth.
In conclusions, the simultaneous fitting of both timeresolved images and cw optical spectra gives us an opportunity of accurate determination of the exciton-polariton parameters. Our data demonstrate that the exciton-polaritons propagating within a GaN crystal at low temperature have homogeneous width of the order of 10 leV and the oscillator strength which is 20%-30% lower than the currently accepted values. Besides, we show that the study of the light propagation is a unique way to estimate the parameters of D 0 X resonances. 
